Heavy Majorana neutrinos are predicted in addition to ordinary active neutrinos in the models with the seesaw mechanism. We investigate the lepton number violation (LNV) in B decays induced by such a heavy neutrino N with GeV-scale mass. Especially, we consider the decay channel B + → µ + N → µ + µ + π − and derive the sensitivity limits on the mixing angle Θ µ by the future search experiments at Belle II and in e + e − collisions at the Future Circular Collider (FCC-ee).
Introduction
The discovery of neutrino oscillations, showing the non-zero neutrino masses, has opened the door to physics beyond the Standard Model (SM). The oscillation experiments so far have provided the rather precise values of mass squared differences and mixing angles of active neutrinos [1] . There are, however, unknown properties of active neutrinos, i.e., the ordering and the absolute values of neutrino masses, the violation of CP symmetry in the leptonic sector and the Driac or Majorana property of neutrinos. In addition, we do not know whether an additional particle is present associated with the origin of neutrino masses.
Heavy neutrino is an well-motivated particle in the models of neutrino masses. One of the most attractive examples is the model with the canonical seesaw mechanism [2] [3] [4] [5] [6] [7] where right-handed neutrinos are introduced with Majorana masses. In this case the mass eigenstates are three active neutrinos and heavy neutrinos, and both neutrinos are Majorana particles. Usually, heavy neutrinos are considered to be much heavier than m W and even close to the unification scale ∼ 10 16 GeV. Such heavy particles are attractive since they can also account for the baryon asymmetry of the universe (BAU) via leptogenesis [8] .
On the other hand, heavy neutrinos with masses below m W are also attractive. Even in this case the seesaw mechanism is still effective by requiring the suppressed Yukawa coupling constants of neutrinos. Furthermore, the BAU can be explained by using the different mechanism [9, 10] . Heavy neutrinos with ∼ 100 MeV are interesting for the supernova explosion [11] . If its mass is around keV scale, it can be a candidate for the dark matter [12] . Futher it may explain the origin of pulsar velocities [13] [14] [15] [16] . (See, for example, Ref. [17] for astrophysics of heavy neutrinos.) Therefore, heavy neutrinos which are lighter than the electroweak scale are also well-motivated particles beyond the SM. Interestingly, such particles can be tested in terrestrial experiments [18] [19] [20] .
If neutrinos are Majorana particles, the lepton number of the SM Lagrangian is broken. In this case there appear various phenomena which are absent in the SM. The contribution from heavy Majorana neutrino can be significant depending on its mass and mixing. The well-known example is the neutrinoless double beta decay (Z , A) → (Z + 2, A) + 2e − . See, for example, a recent review [21] and references therein. When the mass is of the order of 0.1-1 GeV, the contribution from heavy Majorana neutrino can be significant to alter the prediction of the rate solely from active neutrinos. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . See the current experimental limits on these processes in Refs. [19, 37] . Heavy Majorana neutrino with an appropriate mass gives a sizable contribution to these processes, and its mixing receives the upper bounds from the experimental data.
In this paper we discuss the LNV decay of B mesons induced by heavy Majorana neutrino with GeV-scale mass. In particular, we study the testability of the mode B + → µ + µ + π − by the future experiments. The expected limits on the mixing of heavy neutrino by Belle II [38] and the e + e − collisions on Z -pole at the future circular collider (FCC-ee) [39] will be presented.
Heavy Majorana neutrino
We consider a heavy Majorana neutrino N with mass M N ∼ GeV which mixes with ordinary lefthanded neutrinos ν Lα (α = e, µ, τ) as
where U αi is the PMNS mixing matrix of active neutrinos ν i (i = 1, 2, 3). In this case N have the weak gauge interactions which are suppressed by the mixing Θ α . Here we discuss only one heavy neutrino for simplicity, but the extension to the case with more heavy neutrinos is straightforward by replacing
If heavy neutrinos provide the tiny neutrino masses through the seesaw mechanism, the masses and mixings of heavy neutrinos must satisfy a certain relation to explain the experimental results of the neutrino oscillations. However, we do not specify the origin of N to make a general argument and consider M N and Θ α as free parameters in this analysis.
It is possible to test directly heavy neutrino N by various experiments because of the smallness of its mass. Since there is no signal of this particle, the upper bounds on the mixing |Θ α | are imposed from various experiments depending on its mass [18] [19] [20] . It is then important to search it by future experiments at the first step. Furthermore, not only the discovery but also the detail study is crucial to reveal the properties of N .
In the present analysis we consider the experimental test for the LNV to show the Majorana property of N . Especially, we focus on the LNV decay of B meson as a concrete example
which is mediated by the on-shell N as shown in Fig. 1 . Notice that there is also the charge conjugated process which is implicit from now on. From the kinematical reason we restrict ourselves to the mass
#1 In this analysis we discuss only the decay into two muons, but the extension to the decays into the like sign leptons with other flavors is straightforward.
In the process (2) the production rate of N is proportional to |Θ µ | 2 and the decay rate is also proportional to |Θ µ | 2 , and then the LNV signal is induced as the |Θ µ | 4 effect. This process has been discussed as an interesting target for Belle and LHCb experiments [19, [33] [34] [35] [36] .
The recent results of the search for B + → µ + µ + π − are obtained by Belle [40] and LHCb [41] . (See also Ref. [42] for the revision of the LHCb limit.) They presented the upper bounds on the mixing Fig. 2 . In the same figure we also present various constraints on heavy neutrino which are from Ref. [19] . It is found that these bounds on |Θ µ | 2 are weaker than other constraints on heavy neutrino which are applicable to both Dirac and Majorana cases.
The future prospect of the LHCb search for the LNV decays of B and B c mesons including (2) has been discussed in Ref. [35] . The sensitivity on the mixing by using the mode B
, which is better than that of (2), is also shown in Fig. 2 . In the present analysis, we then investigate the search for the process (2) at Belle II and FCC-ee. First, the partial decay rate of B + → µ + N is given by
where f B ± is the decay constant, V ub is the CKM element, and
Notice that the rate is enhanced by M 
where the branching ratio of B + → τ + ν τ is Br (B + → τ + ν τ ) = (1.14 ± 0.27) × 10 −4 [37] . In order to estimate the number of the signal events the energy distribution of N in B + → µ + N is important since it determines the decay length of N → µ + π − . In the present case due to the two-body decay at rest it is simply given by
The number of the signal events is then
where
is the probability that the signal decay N → µ + π − occurs inside the detector, which is given by
where Γ N is the total decay rate of N . We calculate Γ N for the case when Θ µ = 0 and Θ e = Θ τ = 0 taking into account the possible decay channels by using the expressions for the partial rates in Ref. [18] . On the other hand, the partial rate of N → µ + π − is given by
Here we take m π ± = 139.6 MeV, f π ± = 130.4 MeV and |V ud | = 0.9743 [37] . The typical size of the detector is denoted by L det and we take it as L det = 1.5 m for Belle II detector for simplicity. Note that the factor 2 in Eq. (8) represents the contribution from the charge conjugate process of (2).
We assume that there is no background event and the sensitivity limit on |Θ µ | 2 at 95 % C.L. is obtained from N event = 3.09 [48] . The result is shown in Fig. 2 . It is seen that Belle II can probe the LNV effect by heavy neutrino with M N ≃ 2-3 GeV and |Θ µ | 2 = O (10 −5 ) which is consistent with various experimental constraints. #2 Interestingly, the sensitivity is better than the test of B
LHCb for LHC run 3 [35] .
Search at FCC-ee
Next, we turn to consider the search at the future plan, the e + e − collisions at the Future Circular
Collider (FCC-ee). It is planned to produce 10 12 -10 13 Z bosons at the Z -pole s = m Z . The direct #2 This issue has also been discussed in Ref. [36] . Although they have not presented the quantitative estimate of the limit, their qualitative result is consistent with ours.
search for heavy neutrino at FCC-ee has been discussed in Ref. [49] . The method there cannot clarify whether heavy neutrino is a Dirac or Majorana particle. Here we shall discuss the sensitivity of the LNV process (2) aiming to test the Majorana property of heavy neutrino.
The number of B + in Z decays is estimated as
where N Z is the number of Z produced at FCC-ee, and N Z = 10 13 is assumed in the present analysis.
Br (Z → bb) = 0.1512 [37] is the branching ratio of Z → bb and f u = 0.410 [50] is the fraction of B + fromb quark in Z decay. It is then found that N B + = 6.20×10 −2 N Z is much larger than that in the case of Belle II, from which we can expect the much better sensitive at FCC-ee. Although the produced B + 's have the energy distribution peaked at E B + ∼ 40 GeV (see, e.g., Ref.
[51]), we shall set
for simplicity. In this case the distribution of the energy of N in B + → µ + N is flat as
for the energy range E
The number of the signal events (2) is then estimated as
Now we take L det = 2 m for the probability
In Fig. 2 we also show the sensitivity limit on the mixing |Θ µ | 2 from the LNV decay
at FCC-ee with N Z = 10 13 . As in the previous case we assumed no background event and estimate 1.71×10 −5 [37] . The production of B c in Z decays, however, is hard and the branching ratio is Br (Z → B + c +b +c) = (2.04−3.33)×10 −5 [52, 53] . Thus, the LNV events through B c meson is smaller than those through B and then we shall neglect it in the present analysis.
#3
We should mention that FCC-ee offers another promising test of the LNV induced by heavy Majorana neutrino. #4 It is planned to produce more than 2 ×10 8 W pairs at the center-of-mass energy at the W W threshold and above [55] . In this case the LNV decay
The sensitivity limit on |Θ µ | 2 by using this mode is also shown in Fig. 2 . It is found that the sensitivity by using B + → µ + µ + π − is better than this for the parameter range in which constraints are avoided.
Summary
We have discussed the LNV decay of B meson, B + → µ + µ + π − , induced by heavy Majorana neutrino.
In particular we have estimated the sensitivity limits on the mixing |Θ µ | 2 by the experimental searches at Belle II and at FCC-ee (at Z -pole). These facilities can probe the parameter region in which the various experimental constraints on heavy neutrino are avoided. Thus, the LNV B decay is a significant and promising target for the LNV, which is complementary to the neutrinoless double beta decay. #3 The LNV process B + c → µ + µ + π + is an interesting target for LHCb experiment as discussed in Ref. [35] . See also Fig. 2 . #4 The Majorana property of heavy neutrino may also be probed from e + e − → N ν → ℓqq ′ ν by using the angular distribution between N and the incoming e − [54] . In addition, the LNV process like e + e − → N e ± W ∓ → ℓ ± W ± e ± W ∓ leading to the same-sign dilepton with four hadronic jets is also an interesting target [23] . (cyan solid line). The blue dashed lines are the upper bounds from the LNV B decays by LHCb [41] and Belle [40] . The gray region is excluded by search experiments: DELPHI [43] , NA3 [44] , CHARM II [45] , BEBC [46] , and NuTeV [47] .
